DNA replication in eukaryotic cells is performed by a multiprotein complex called the replisome, which consists of helicases, polymerases, and adaptor molecules. Human acidic nucleoplasmic DNA-binding protein 1 (AND-1), also known as WD repeat and high mobility group (HMG)-box DNA-binding protein 1 (WDHD1), is an adaptor molecule crucial for DNA replication. Although structural information for the AND-1 yeast ortholog is available, the mechanistic details for how human AND-1 protein anchors the lagging-strand DNA polymerase ␣ (pol ␣) to the DNA helicase complex (Cdc45-MCM2-7-GINS, CMG) await elucidation. Here, we report the structures of the N-terminal WD40 and SepB domains of human AND-1, as well as a biochemical analysis of the C-terminal HMG domain. We show that AND-1 exists as a homotrimer mediated by the SepB domain. Mutant study results suggested that a positively charged groove within the SepB domain provides binding sites for pol ␣. Different from its ortholog protein in budding yeast, human AND-1 is recruited to the CMG complex, mediated by unknown participants other than Go Ichi Ni San. In addition, we show that AND-1 binds to DNA in vitro, using its C-terminal HMG domain. In conclusion, our findings provide important insights into the mechanistic details of human AND-1 function, advancing our understanding of replisome formation during eukaryotic replication.
In eukaryotic cells, chromosomal DNA is replicated by virtue of a large multiprotein complex known as the replisome (1, 2) . The main enzymatic units of the replisome include a helicase complex, mini-chromosome maintenance 2-7 (MCM2-7), and three DNA polymerases, polymerase ␣, ⑀, and ␦. The double-strand DNA template is unwound by the hetero-hexameric MCM2-7 assisted by the cell division cycle protein 45 (Cdc45) and Go Ichi Ni San complex (GINS) 4 (3, 4) , together forming the Cdc45-MCM2-7-GINS (CMG) complex. Subsequently, new DNA strands are synthesized with bases complementary to the separate leading and lagging strands. The DNA replication process based on the leading strand is performed continuously by polymerase ⑀ (pol ⑀), which directly binds to the CMG complex (1) . In contrast, a multiple-step replication process based on the lagging strand is performed requiring primase, polymerase ␣ (pol ␣), and polymerase ␦ (pol ␦), producing discontinuous Okazaki fragments. During this process, a short (ϳ10 nucleotides, nt) RNA primer is first synthesized by primase (5) . The primer is further extended to about 20 nt of DNA by pol ␣ (6) and finally elongated by pol ␦ (7) . pol ␣ contains an accessory B subunit and a catalytic subunit p180, termed POL1 in yeast and POLA in human. In contrast to pol ⑀, neither pol ␣ nor pol ␦ directly attaches to the CMG complex. Instead, specific adaptor molecules are required to ensure the integrity of the replisome complex and the efficiency of the replication process.
Specific replication factors have been identified as adaptor molecules between CMG complex and pol ␣, including a class of orthologous genes termed adaptor chromosome transmission fidelity 4 (Ctf4) in budding yeast (8 -10) and acidic nucleoplasmic DNA-binding protein 1 (AND-1, also known as WD repeat and HMG-box DNA-binding protein 1, WDHD1) in humans (8, 9, 11, 12) . Ctf4 is composed of an N-terminal WD40 domain and a C-terminal SepB domain. It was recently shown that Ctf4 interacts with both POL1 and Sld5, the Go subunit of GINS, in its trimeric form. The SepB domain mediates the Ctf4 trimer formation and provides a binding groove for POL1 and Sld5, both of which possess a Ctf4-binding motif (10, 13) . In contrast to Ctf4, AND-1 possesses a high mobility group (HMG) DNA-binding domain in its C terminus (14, 15) . The N-terminal WD40 domain, the following SepB domain, and the HMG domain are connected by two flexible loops with 120 and 170 amino acids. Because the sequences of the SepB domains are highly conserved, the CMG-pol ␣ coupling mechanism of Ctf4 is thought to be universal. Nevertheless, given the fact that human cells possess a larger genome with more complex regulatory mechanisms, the precise functions of AND-1 remain to be elucidated.
To investigate the structure-function relationship of AND-1 during CMG-pol ␣ coupling, we studied the structures of its WD40 and SepB domains by X-ray crystallography and electron microscopy (EM). In addition, we used a biochemical approach to study the interaction between AND-1 and its putative partners, including POLA, Sld5, GINS, and various DNA substrates. We found that AND-1 recruits POLA but not Sld5 or GINS, suggesting a different CMG-pol ␣ coupling mechanism. In addition, the HMG domain of AND-1, which is not present in Ctf4, binds long and damaged DNA substrates suggesting possible roles of AND-1 in DNA repair.
Results

Crystal structures of WD40 and SepB domains in AND-1
AND-1 contains three domains linked by two loops (Fig. 1A) . The inter-domain loops of AND-1 are highly flexible, rendering crystallization challenging. We therefore individually purified, crystallized, and determined the structures of the WD40 domain (residues 1-330) and the SepB domain (residues 420 -850) ( Fig. 1 ). We determined the structure of the WD40 domain at 1.85 Å resolution using single isomorphous replacement with anomalous scattering (SIRAS) method (Table 1 ). In the structure, seven blades (blades i-vii) formed a ring-like ␤-propeller, similar to those in the canonical WD40 domain structures (16) . As shown in Fig. 1B , blades v and vii contain three ␤-strands; all other blades in the propeller contain four antiparallel ␤-strands. The extended N terminus inserts into blade vii and interacts in an anti-parallel manner with the last C-terminal ␤-strand, stabilizing the ring-like structure.
The structure of the SepB domain was determined at 2.75 Å resolution using a Se-Met-based single wavelength anomalous dispersion method (Table 1) . As shown in Fig. 1C , the structure of the SepB domain covers residues 420 -850 of AND-1. The crystal adopts an F432 space group with one monomer in each asymmetry unit. Our analysis showed that SepB domain contains a WD40 subdomain and a helical subdomain, which is connected by a 10-residue loop. The WD40 structure includes six tandem blades (blades I-VI), forming a ring-shaped structure with a gap between blades I and VI. Similar to those in the reported WD40 domain structures, the blades consist of three or four ␤-strands. The helical subdomain locates at the lateral bottom of the WD40 subdomain, under blades V and VI. It is composed of five ␣-helices, ␣1-5, arranged as a helical bundle, which extend out in an arm-like manner.
To explore the functional role of the SepB domain of AND-1, we compared our structure of SepB domain with that of Ctf4 (PDB code 4C8S) using PDBeFold (17) . Our comparative analysis showed that the overall root mean square deviation of the two structures is 2.25 Å. As shown in Fig. 1 , D and E, when superposing the two structures, we found that the major differences originate from the flexible loops. Their secondary structural elements exhibit an identity of 88%. The high structural similarity indicates the functions of AND-1 are comparable with those of Ctf4.
Assembly of AND-1 homotrimer is mediated by SepB domain
Trimerization of Ctf4 is currently thought to be essential for cellular functioning (10) . Similarly, AND-1 has previously been reported to assemble into an oligomeric structure (8, 9) . To identify the oligomeric state of AND-1, we performed size-exclusion chromatography. As shown in Fig. 2A , fulllength AND-1(1-1129), WD40 with SepB domains (WD40 ϩ SepB(1-850)), and SepB domain(420 -850) are predominantly present in their trimeric form in vitro. In contrast, both the WD40 domain and the HMG region are exclusively present as monomers. These results suggest the AND-1 trimer is mediated by its SepB domain.
In our crystal structures, three SepB domain molecules in the cubic cell interact closely with each other, sharing a 3-fold symmetric axis of the F432 space group. As shown in Fig. 2B , the WD40 subdomains of these three SepB molecules stack sideby-side, generating a large clover-like platform. The helical subdomains locate on the bottom of the platform, constructing an equilateral triangle. Using PISA (18) analysis, we show that the interface formed by the three SepB molecules is of a size of ϳ5400 Å 2 . Within each SepB molecule, up to 110 residues are 
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involved in the inter-molecular interaction. These residues mainly originate from the WD40 subdomain and participate in the interaction between the ␤-propellers. However, a small number of these residues contribute to the hydrogen bonds between helical subdomains and adjacent ␤-propellers. Together, our structure provides the structural basis for AND-1 trimerization. Furthermore, we verified the presence of the trimeric structure of AND-1 using the negative staining EM method ( Fig. 2C ). We collected 7852 particles in the images and classified the particles into 16 classes (supplemental Fig. S1 and supplemental Table S1 ). In our EM images, the WD40 domain and the SepB domain are clearly visible. However, the 10-kDa HMG domain is too small to be identified. In the center of the EM images, a triangle map fits well with the trimeric crystal structure of the SepB domain. Thus we assigned the stable core in the images with trimeric SepB domains. Subsequently, we assigned the maps surrounding the SepB core to the WD40 domains. The particle numbers of the 16 classes are comparable, suggesting that the WD40 domains move around SepB domains without specific orientations. Together, our structural analysis clearly shows that the basis for AND-1 trimerization is the strong interaction between the SepB domains. This result is similar to that reported for Ctf4 in a previous study (10) .
Helical subdomain in SepB domain binds pol ␣
In the replisome of budding yeast, POL1 binds to the SepB domain of Ctf4 using a 13-amino acid helix called the Ctf4binding motif. An earlier structure of the Ctf4-POL1 complex suggested that the Ctf4-binding motif of POL1 binds to the helical region of the Ctf4 SepB domain (10) . Because both the Ctf4-binding motif and SepB domain are conserved from yeast to human (Fig. 3, A and B) , we hypothesized that AND-1 interacts with pol ␣ using a similar manner. To test this, we employed an in vitro pulldown assay. Using sequence alignment, we identified a putative AND-1-binding motif (151-171 residues) of POLA. The AND-1-binding motif was fused with a glutathione S-transferase (GST) protein at the N terminus. The purified GST-tagged POLA was used as bait to pull down SepB domain protein. As shown in Fig. 3E , the SepB domain specifically interacted with the GST-tagged AND-1-binding motif.
To identify the binding surface for POLA in the SepB domain of AND-1, we compared the structures of the SepB domain in AND-1 and Ctf4 (Fig. 3C ). In the structure of Ctf4, a semienclosed groove between helices H2 and H4 provides binding sites for POL1. Although residues in the helical subdomain of Ctf4 and AND-1 are not completely conserved, the overall root mean square deviation of these two subdomains is only 1.70 Å (Figs. 1E and 3, A and C), suggesting this region is structurally conserved from yeast to human. Therefore, we propose that the anti-parallel helices ␣2 and ␣4 of AND-1, corresponding to the helices H2 and H4 in Ctf4, provide the binding surface for the AND-1-binding motif of POLA. To test this assumption, we designed five mutants in ␣2 and ␣4, including Ala-770, Cys-773, and Ala-792, which are conserved in Ctf4 and AND-1, as well as Met-766 and Tyr-799, which are unique in AND-1. As shown in Fig. 3D , all these residues locate in the groove, with side chains fully or partially exposed on the protein surface. To change the size of the groove and decrease its hydrophobicity, we replaced both alanine residues with positively charged lysines (A770K and A792K) and the hydrophobic residues with small alanines (M766A, C773A, and Y799A). As shown in Fig.  3E , the binding abilities of M766A, A770K, A792K, and Y799A were almost totally abolished, indicating that the residues in the groove are crucial for POLA recognition. In contrast, C773A still interacted with POLA, probably because it is located within the part of the groove distal to the putative POLA motif (Fig.  3D ). Together, these results indicate that the interaction between AND-1 and pol ␣ is conserved from yeast to human.
Lack of in vitro interaction between AND-1 and GINS complex
In budding yeast, the interaction between the MCM2-7 helicase and Ctf4 is mediated through the N-terminal helix (1-19 amino acids) of Sld5, one of the GINS subunits (10). This helix is structurally analogous to the Ctf4-binding motif in POL1, both of which share the binding grooves in Ctf4. However, this motif is found only in fungi (including Saccharomyces cerevisiae) (10) but is lacking in Schizosaccharomyces pombe and multicellular organisms, including human (Fig. 4A) . To test the interaction between AND-1 and GINS, an in vitro pulldown assay was performed using purified GST-tagged Sld5 protein or maltose-binding protein (MBP)-tagged GINS complex. Using GST-Sld5 as bait, we were unable to pull down more AND-1 derivatives (WD40, SepB, or SepB ϩ HMG domains) than with GST alone (supplemental Fig. S2 ). We further tested the interaction between GINS complex and AND-1 derivatives. As shown in Fig. 4B , the GINS complex was pulled down by FLAG-Cdc45 but not by AND-1 derivatives. These results suggest that the interaction between AND-1 and Sld5 is much weaker than that of Ctf4-Sld5 in budding yeast (see Fig. 3D in Ref. 10 ). This finding is consistent with a previous report showing that the assembly of the human AND-1-GINS complex isolated from insect cells is unstable (8) . Therefore, we assume that other as yet unknown proteins mediate the interaction between CMG and AND-1 in human cells, thus rendering the CMG-pol ␣ coupling mechanism of AND-1 within the replisome different from that of Ctf4.
AND-1 binds DNA through HMG domain
Compared with Ctf4, AND-1 contains a unique HMG domain at its C terminus, a type of DNA-binding module that recognizes a variety of DNA conformations (15, 19) . To test the DNA-binding specificity and affinity of the HMG domain, we designed six types of model DNAs, including long-ssDNA (59 nt), long-dsDNA (59 bp), short-ssDNA (24 nt), short-dsDNA (24 bp), 3Ј-recessed dsDNA, and Holiday junction (HJ) structure ( Table 2 ). Using an electrophoretic mobility shift assay (EMSA), we found that the HMG domain bound to 3Ј-recessed dsDNA, long-dsDNA, HJ structure, as well as long-ssDNA fragments. In contrast, the interactions between HMG domain and short DNAs, including single-strand and double-strand DNA fragments were negligible (Fig. 5A) . The DNA-binding ability of AND-1 protein was further tested and verified, as shown in Fig.  5B . HMG domain and full-length (FL) AND-1 showed comparable binding ability; in contrast, the WD40 ϩ SepB domain barely interacted with any tested DNAs. The dissociation constant K D of AND-1 and DNAs was further measured (Fig. 5, C  and D, and supplemental Fig. S3 ). The K D values of the HMG domain and four types of DNAs, including long-ssDNA, long- (Fig. 5E ). Together, these data suggest that AND-1 is a DNAbinding protein by virtue of possessing an HMG domain.
Discussion
In this report, we reveal the crystal structures of the WD40 N-terminal domain and SepB domain from the human AND-1 protein. To elucidate the role of AND-1 during replication, we analyzed the interactions between AND-1 and its potential protein partners in the replisome. Our results reveal the direct interaction between AND-1 and pol ␣. However, the interaction between AND-1 and CMG complex remains unclear. Therefore, elucidation of the precise mechanism of AND-1 function during DNA replication awaits further study.
The ortholog of AND-1, Ctf4, is a multifunctional adaptor molecule involved in a variety of cellular processes (20 -27) . Recent reports suggested that the functions of Ctf4 are mainly dependent on its SepB domain and Ctf4-binding motifs, also known as Ctf4-interacting peptide (CIP) boxes in Ctf4 partner molecules (28, 29) . The cellular functions of AND-1 are similar to those of Ctf4, including DNA replication, sister chromatid cohesion establishment (30, 31) , centromere formation (32, 33) , epigenetic regulation of chromosome (33) (34) (35) , checkpoint activation, and DNA repair (31, 36, 37) . Here, we show that AND-1 possesses a SepB domain similar to that in Ctf4, suggesting a common structural basis for these biological functions. Thus, we propose that AND-1 also functions as a hub in human cells by linking proteins possessing multiple AND-1 interacting peptides to fulfill the cellular functions. As a DNA-binding domain, the HMG domain may be critical of the cellular functions of AND-1. The structure of the HMG domain (PDB code 2D7L) is similar to that found in HMGB1 (supplemental Fig. S4 ), a canonical HMGB subfamily member that binds to bent or distorted DNA (19) . Because the abnormal DNA substrates (long-ss, 3Ј-recessed, and HJ) recognized by AND-1 are frequently encountered in DNA lesions, we hypothesize that the HMG domain may bind to damaged DNA and could affect DNA repair pathways (15, 37, 39 -41) . Taken together, our results provide a strong structural basis for future studies on AND-1 in replisome formation and DNA repair process.
Experimental procedures
Genes and plasmids
The cDNA of human AND-1, Cdc45, and GINS (Sld5, Psf1, Psf2, and Psf3) was obtained by reverse transcription of mRNA from HEK293 cells. The DNA fragment encoding pol ␣ (residues 151-171) was synthesized by Sangon. The MBP gene was amplified from pMAL-C2 vector (New England Biolabs).
To construct the expression plasmids of AND-1 derivatives, the DNA fragments of full-length (1-1129) or truncated AND-1 (1-850 for WD40 ϩ SepB; 420 -1129 for SepB ϩ HMG; 1-330 for WD40; 420 -850 for SepB; and 1017-1129 for HMG) with the His 6 tag at the C terminus were digested by BamHI and XhoI and ligated into pFastBac1 vector (Invitrogen). The plasmids expressing the GINS complex, including pFastBac1-Sld5, pFastBac1-MBP-Psf1, pFastBac1-Psf2, and pFastBac1-Psf3, were constructed similarly, as mentioned above. The expression plasmids of pGEX-6P-1-pol ␣ and pGEX-6P-1-Sld5 were constructed by inserting pol ␣ (residues 151-171) or full-length Sld5 into pGEX-6P-1 vector (Invitrogen), using XhoI at the 3Ј-end and BamHI at the 5Ј-end as digestion sites. The plasmid expressing Cdc45 (pcDNA3.1-FLAG-Cdc45) was constructed by inserting full-length Cdc45 fused with an N-terminal FLAG tag into pcDNA3.1 vector (Invitrogen). All the recombinant plasmids were verified by sequencing (BGI).
Antibodies
The antibody for FLAG tag (anti-FLAG) was purchased from TransGen Biotech (HT201). The antibody for His tag (anti-His) was purchased from TIANGEN (AB102). The polyclonal antibody for MBP protein (anti-MBP) was generated using recombinant MBP protein according to a previous report (42) .
Protein expression and purification
Full-length and truncated AND-1-The AND-1 proteins fused with a His 6 tag at the C terminus were overexpressed in Trichoplusia ni (BTI-Tn5B1-4, Hi5) insect cell line using a Bac-to-Bac expression system (Invitrogen). The recombinant baculoviruses were prepared according to the manufacturer's instructions. The Hi5 cells were suspended and cultured in ESF921 medium (Expression System) at 27°C. To express the recombinant protein, the Hi5 cells (about 2.0 ϫ 10 6 cells/ml) were infected with 1% (v/v) recombinant baculovirus for 48 h. Cells were harvested by centrifugation at 4000 ϫ g. The cell pellet was freshly frozen by liquid nitrogen and stored at Ϫ80°C. For purification, the cell pellets were resuspended with lysis buffer (50 mM HEPES, pH 7.5, 200 mM NaCl, 5% glycerol, and 35 mM imidazole) and lysed by a cell homogenizer. The cell lysate was clarified by centrifugation at 35,000 ϫ g. The supernatant was loaded onto a nickel-NTA (Novagen) column preequilibrated with the lysis buffer. After extensive washing with lysis buffer, the target protein was released with elution buffer (30 mM HEPES, pH 7.5, 5% glycerol, and 300 mM imidazole). The eluted sample was further purified using a Mono Q column (GE Healthcare) and a size-exclusion column (HiLoad 16/600 Superdex 200 pg, GE Healthcare) using 25 mM HEPES, pH 7.5, 200 mM NaCl, and 5% glycerol.
The selenomethionine (Se-Met) derivative of the SepB domain(420 -850) was expressed in Hi5 insect cell line grown in methionine-free ESF921 medium (Expression Systems) with an additional 0.1 g/liter Se-Met and purified according to the protocol mentioned above.
GST-pol ␣ and GST-Sld5-The pol ␣ (residues 151-171) or full-length Sld5 fused with glutathione S-transferase (GST) at the N terminus was expressed in the Escherichia coli. The expression plasmid, pGEX-6P-1-Pol␣ or pGEX-6P-1-Sld5, was transformed into E. coli strain BL21 (DE3) using a heat shock method. Cells were cultured in Luria-Bertani (LB) medium with 100 mg/liter ampicillin at 37°C until the A 600 of the culture reached 0.8 -1.0. The expression of the target protein was induced by 0.5 mM isopropyl thio-D-galactosidase (Sigma) for 20 h at 16°C. Cells were harvested by centrifugation at 4000 ϫ g. The pellet was resuspended in lysis buffer (50 mM Tris-HCl, pH 7.0, 500 mM NaCl, 10% glycerol, and 1 mM DTT) and lysed by sonication. The lysate was clarified by centrifugation at 35,000 ϫ g. The supernatant was mixed with glutathione-Sepharose beads (GE Healthcare) pre-equilibrated in the lysis buffer and incubated for 1 h at 4°C. The contaminating proteins were removed by consecutive washing with lysis buffer, followed by washing three times with 1 ml of pulldown buffer (20 mM HEPES, pH 7.2, 150 mM NaCl, 5% glycerol, 0.1% Nonidet P-40 and 1% BSA).
GINS complex-The human GINS complex was expressed using a Bac-to-Bac expression system (Invitrogen). The baculoviruses encoding Sld5, MBP-Psf1, Psf2, and Psf3 were prepared using pFastBac1-Sld5, pFastBac1-MBP-Psf1, pFastBac1-Psf2, and pFastBac1-Psf3, respectively. Hi5 cells infected with the four viruses were cultured in ESF921 medium (Expression System) for 60 h at 27°C. After centrifugation, the cell pellet was resuspended in lysis buffer (50 mM HEPES, pH 7.5, 200 mM NaCl, and 5% glycerol) and lysed using a cell homogenizer. The insoluble component of the cell lysate was removed by centrifugation at 35,000 ϫ g. The supernatants were loaded into an MBP column (Novagen) pre-equilibrated with lysis buffer. After extensive washing with lysis buffer, the target protein was eluted with elution buffer (30 mM HEPES, pH 7.5, 200 mM NaCl, 30 mM maltose, and 5% glycerol).
FLAG-Cdc45-HEK293 cells transfected with pcDNA3.1-FLAG-Cdc45 were harvested 24 h post-transfection. The cell pellet was incubated in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 10% glycerol, protease inhibitor mixture (Roche Applied Science)) at 4°C for 1 h and lysed by sonication. The insoluble component of the cell lysate was removed by centrifugation. The FLAG-Cdc45 protein in the supernatant was purified using anti-FLAG M2 magnetic beads (Sigma).
Crystallization and structure determination
To set up trials for crystallization, the proteins of WD40 (100 mg/ml) or SepB (10 mg/ml) were mixed with precipitant (Hampton Research), according to a protein/precipitant ratio of 1:1, in hanging-drop vapor diffusion experiment at 16°C. The crystals of WD40 domain were generated in 1.8 M ammonium citrate tribasic, pH 7.5. To prepare the heavy atom derivatives, the WD40 crystals were soaked in mother liquor with potassium tetracyanoplatinate(II) hydrate for 4 h. The crystals of the Se-Met derivative SepB domain were obtained in 2.5 M sodium formate, pH 7.0. All the crystals were cryo-protected using 30% (v/v) glycerol in crystallization precipitant before flash-cooling in liquid nitrogen.
The diffraction data were collected at a wavelength of 0.9792 Å (SepB) and 0.9177 Å (WD40) on beamline BL17U at Shanghai Synchrotron Radiation Facility (SSRF), China (43) . Data were processed using HKL2000 (44) . The initial phases of WD40 were obtained by SIRAS method using data from native and platinum-derivatized crystals. The initial phases of Se-Met derivative SepB were obtained by single wavelength anomalous dispersion method. The heavy atoms in both WD40 and SepB were located with SHELX C/D (45) (46) (47) (48) . After phase improvement and solvent flattening using Phenix.Autosol, the initial models were built up with Phenix.Autobuild (49) . The models were modified and refined using alternate rounds of COOT (50) and Phenix.Refine (51) . The statistics for data collection and refinement are shown in Table 1 . The structure figures were prepared by PyMOL and Chimera (38) .
Negative-stain EM specimen preparation
The recombinant full-length AND-1 protein samples were diluted to a final concentration of ϳ80 nM in buffer containing 25 mM HEPES, pH 7.5, 200 mM NaCl, and 5% glycerol. Subsequently, a 3.5-l sample was applied to glow-discharged EM copper grids covered by a thin layer of continuous carbon film (Life Trust). The specimen was stained with 2% (w/v) uranyl acetate for 1 min. After blotting off the residual stain solution, the stained EM grids were subsequently placed in a Tecnai 20 electron microscope (FEI) operated at 200-kV acceleration voltage for microscopy. The images were recorded at a nominal magnification of 50,000 using a 2048 ϫ 2048 charge-coupled device camera (Gatan US1000 894), corresponding to a pixel size of 2.2 Å on the specimen. About 60 images were recorded manually with a dose of 35 e/Å 2 and the defocus ranging from Ϫ1.5 to Ϫ2.5 m.
Negative-stain EM image processing
Semi-automatic particle selection was performed using e2boxer.py to obtain the particle coordinates (EMAN2) (52) . 2D multireference alignment and classification based on the hierarchical clustering approach were accomplished by cl2d command in XMIPP (53) . 7852 particles were picked out from 60 micrographs and classified into 16 classes with 10 iterations (supplemental Fig. S1 ). The number of particles changing classes decreases over iterations and reaches a stable level (about 4% of total particles) (supplemental Table S1 , column 2). The number of particles changing classes increased dramatically (supplemental Table S1 , column 3) when the particles were further classified into 32 classes, indicating the classification is converged after 10 iterations into 16 classes.
Pulldown assay
As mentioned above, the GST-pol ␣ and GST-Sld5 proteins were expressed in E. coli and purified using glutathione-Sepharose beads (GE Healthcare). The MBP-GINS complex was expressed in insect cells and purified using MBP affinity column (Novagen). The FLAG-Cdc45 was purified using anti-FLAG M2 magnetic beads (Sigma).
For pulldown assays shown in Fig. 3E and supplemental Fig.  S2 , 10 g of bait proteins (GST-pol ␣, GST-Sld5, and GST) was bound to glutathione-Sepharose beads (GE Healthcare). The beads were then incubated with 1 mg of purified AND-1 derivative protein (WD40, SepB, or SepB ϩ HMG) for 1 h at 4°C. Glutathione-Sepharose beads bound with GST protein were used as control. The excessive AND-1 proteins were removed by consecutive washing using pulldown buffer (20 mM HEPES, pH 7.2, 150 mM NaCl, 5% glycerol, 0.1% Nonidet P-40, and 1% BSA) and pulldown buffer without BSA. The proteins on the beads were detected using SDS-PAGE and Coomassie Blue staining.
For pulldown assay shown in Fig. 4B , the purified FLAG-Cdc45 or AND-1 derivative proteins (WD40 and SepB ϩ HMG) were bound to anti-FLAG M2 magnetic beads (Sigma) or nickel-NTA beads (Novagen), respectively. Then the beads were incubated with purified MBP-GINS complex at 4°C for 4 h and washed five times with lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 10% glycerol, protease inhibitor mixture (Roche Applied Science)). The proteins bound to the beads were separated by SDS-PAGE and immunoblotted with anti-His, anti-MBP, and anti-FLAG, respectively.
EMSA
All the oligonucleotide DNAs were purchased from Takara, Inc. The sequences of these nucleotides are listed in Table 2 . The nucleotides were annealed by heating to 96°C and slow cooling to 4°C (1°C/min). The HMG, WD40 ϩ SepB, and FL AND-1 proteins were purified as described above. In the reaction mixtures (20 l), 5 pmol of 5Ј-FAM-labeled DNAs were incubated with varying amounts of HMG (5, 10, 25, 50, 100, and 200 pmol) in DNA binding buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 mM DTT, 10% glycerol, and 50 mM NaCl) for 20 min at 37°C. The HMG-DNA complexes were separated from free DNA by electrophoresis through a 12% native PAGE in 0.5ϫ TBE buffer at 10 V/cm at 4°C. To examine the DNAbinding ability of WD40 ϩ SepB or FL protein, 5 pmol of 5Ј-FAM-labeled DNAs and 200 pmol of proteins were used in the 20 l of EMSA. The K D values of HMG and FL were detected using 5 pmol of 5Ј-FAM-labeled DNAs incubated with varying amounts of proteins (5, 10, 25, 50, 100, and 200 pmol) in DNA binding buffer. The HMG or FL bound DNA and free DNA were separated and quantified by Typhoon FLA7000 (GE Healthcare). The concentration of the proteins was quantified using Nanodrop 2000 (Thermo Fisher Scientific), and the intensity of 5Ј-FAM-labeled DNA was quantified by ImageJ (54) . The data were analyzed and shown using the GraphPad Prism software. Using the concentrations of protein ([proteins]) and DNA bound to protein ([bound]) as x and y, respectively, the equilibrium dissociation constant K D was calculated by fitting the following formula: y ϭ B max x/(K D ϩ x).
